Injuries to the anterior cruciate ligament (ACL) of the knee are often immediately debilitating and can lead to post-traumatic osteoarthritis (PTOA) regardless of whether the ACL injuries are treated with surgical intervention or rehabilitation alone. [1] Since current treatment options are ineffective in preventing PTOA, recent research has focused on reducing the incidence of ACL injuries. To achieve this it is necessary to thoroughly understand the risk factors for ACL injury, so that appropriate interventions can be developed and targeted at those most at risk. Risk factors for ACL injury are multifactorial and may be different for males and females. [2] A few identified risk factors, such as neuromuscular control, are modifiable and may be intervened upon. Others risk factors, such as knee geometry, are not modifiable but may play a critical role in identifying individuals at increased risk for ACL injury who may benefit from alternative preventive strategies.
Tibial plateau subchondral bone geometry has been associated with knee biomechanics and ACL strain values, which influence ACL injury risk. Research has shown that increased posteriorinferior directed slope of the tibial plateau subchondral bone is associated with increased anterior translation of the tibia relative to the femur [3] and increased ACL strain values [4, 5] in response to compressive loading of the knee. In addition, this increased posterior-inferior directed slope of the subchondral bone, primarily in the lateral compartment and in females, is associated with an increased risk of suffering an ACL injury. [6] [7] [8] [9] [10] While previous reports have focused on analyses of subchondral bone geometry, these analyses are insufficient at depicting articular surface contact mechanics of the tibiofemoral joint [11] and do not consider the importance of the meniscus on ACL loading. [12] Consequently, it is unclear how the geometries of these complex interfaces affect knee biomechanics, ACL strain biomechanics, and the risk of suffering severe knee injury such as an ACL disruption. Since the subchondral bone geometry alone does not accurately depict articular surface contact mechanics of the tibiofemoral joint, [11] investigation of the articular cartilage surface and meniscus geometries could provide an improved understanding of the mechanisms and risk of ACL trauma.
While meniscal resection has been shown to significantly increase ACL strain values in humans, [12] little in known regarding the effects of meniscal and articular cartilage geometries. Geometric features of cartilage and menisci that have been associated with an increased ACL injury risk include: greater posterior-inferior orientation of sagittal plane profiles of the medial and lateral compartments of the tibial articular cartilage surfaces, [13] decreased lateral compartment articular cartilage radius of curvature, [14] and increased posterior-inferior directed slope of a line connecting the superior prominences of the anterior and posterior meniscal horns. [15] The mechanism that these geometric features were related to ACL injury risk was considered to be biomechanically based and produced by a change in restraint of anterior translation and internal rotation of the tibia relative to the femur. The current study aimed to build on previous work and identify the influence of all tibial plateau contact interfaces on the risk of sustaining an ACL injury.
We hypothesized that the tibial plateau articular cartilage surface and menisci geometries are associated with the risk of suffering a non-contact ACL injury. Further, we hypothesized that these associations are independent of the slope of the underlying subchondral bone of the tibial plateau, are independent of each other, and differ between males and females.
METHODS
Our committee on human research in medical sciences at the University of Vermont approved this study and all participants provided written consent in advance of participation. This report is based on additional analysis of MRI data obtained from a subset of subjects that participated in a larger prospective cohort study with a nested, matched case-control analysis. [16, 17] In this investigation, athletes were followed prospectively throughout their season and those suffering a non-contact ACL injury were identified and participated in the study. Controls were selected from the injured subject's teammates and were thus matched on sex, sport, level of play, and exposure to risk of injury. With this design, the type and amount of exposure to injury risk was controlled for between ACL-injured and uninjured control subjects. Bilateral MRI data were obtained on 88 first-time, non-contact, grade-III ACL injured subjects, and 88 matched controls (61 female and 27 male case-control pairs). Using a Phillips Achievea 3.0T MRI system (Phillips Medical Systems, Best, The Netherlands) with an 8-channel SENSE knee coil, sagittal T1-weighted MRIs (voxel size: 0.3 mm × 0.3 mm × 1.2 mm) were acquired on injured subjects after injury but prior to surgery and matched control subjects. The recruitment protocol and demographic information for this study population were described in our initial report. [8] MRI segmentation of the tibial plateau subchondral bone, articular cartilage surface and posterior aspect of the meniscus was completed using a Cintiq 21UX digitizing tablet (Wacom Technology Corporation, Vancouver, WA) with OsiriX software (Pixmeo, Geneva, Switzerland, version 5.5.1) (Supplemental Text and Supplemental Fig. S1 ). The digitizing tablets have an LCD display resolution of 1600 by 1200 UXGA and a digitizing tablet resolution of 5080 lpi. Segmented data were post-processed using custom MATLAB code. First, data for each structure (initially acquired relative to the MRI scanners coordinate system) were transformed to a coordinate system that was fixed in the tibia. This approach allowed us to corrected for variable limb orientation in the MRI scanner during data acquisition so consistent measurements could be made between and within subjects (Supplemental Fig. S2 ). [8] Next, two dimensional linear interpolation was used to produce data in the para-sagittal, anteroposterior plane of the tibial coordinate system. Interpolated subchondral bone and articular cartilage surface slices were generated at 1.0 mm intervals in the medial-lateral direction and points were spaced by 1.0 mm in the anterior-posterior direction for each para-sagittal slice. Interpolated meniscus slices were generated at 1.0 mm intervals in the medial-lateral direction, but points were spaced by 0.3 mm in the anterior-posterior direction for each para-sagittal slice. The articular cartilage profiles of both the medial and lateral compartments of the tibial plateau displayed a region of concavity where the femoral cartilage and tibial cartilage surfaces were in contact. The depth of concavity was calculated in each sagittal slice of the tibia. Geometric measurements were made on the slice of maximum depth of concavity of the cartilage profile. Identification and characterization of this location has been described previously. [13] The middle cartilage slope was defined as the angle between a line that joined the most superior, anterior, and posterior located prominences of the middle articular cartilage surface region of the tibial plateau (where contact with the femur occurs with the knee in extension) and the anteriorposterior directed axis of the tibia. The posterior-inferior cartilage slope was defined as the angle between a best-fit line to the posterior articular cartilage surface region of the tibial plateau (underlying the posterior meniscal horn) and the anterior-posterior directed axis of the tibia (Fig.  1A) . The meniscus-cartilage height was measured from the superior most point of the posterior meniscal horn to the surface of the underlying articular cartilage. The articular cartilage-bone height was measured from the posterior most point of the articular cartilage surface profile down to the underlying subchondral bone (Fig. 1B) . The posterior meniscus-subchondral bone angles and posterior meniscus-articular cartilage angles were measured as the angle of the wedge shaped profile formed between of the superior surface of the posterior meniscus and the subchondral bone surface and the articular cartilage surface, respectively (Fig. 1C) . Using the approach that has been previously described, [8] medial and lateral compartment measurements of subchondral bone slope were also made at this slice location (Supplemental Text and Supplemental Fig. S3 ). Articular cartilage and menisci are viscoelastic structures that deform in response to contact stress in a time dependent manner. [18] Due to differences in orientation between knees of ACLinjured and control subjects in this study, [19] it was important to consider the orientation of the tibia relative to the femur, and subsequently the location of the contact stress across the tibiofemoral joint during MRI data acquisition. Consequently, the location and orientation of the tibial coordinate system relative to that of the femur were measured and used in the statistical analysis to determine if they had an influence on the risk associated with tibial plateau articular cartilage surface and meniscus geometry. These included the internal-external rotation angle, flexion-extension angle, anterior-posterior position and medial-lateral position of the tibia relative to the femur.
Intra-and inter-observer reliability of the measurement techniques were investigated using data collected from measurements made at two time-points on a random subset of 25 knees. These measurements were made by two investigators; the first collected data at both time-points to asses intra-observer reliability, and the second collected data at the first time point to asses interobserver reliability. Reliability of each outcome was established using variance component analysis to estimate the variability between examiners, within examiners and between subjects, and Intraclass Correlation Coefficients (ICCs) were calculated (Supplemental Table S1 ). ICCs for intra-observer reliability ranged between 0.75 and 0.96, indicating good repeatability. Interobserver ICCs were lower, ranging between 0.55 and 0.91, but all measurements reported in this investigation were made by the same individual (Supplemental Table S1 ).
Statistical Methods
The geometries of the articular cartilage surface and subchondral bone have been shown to change soon after an ACL injury, [13, 20] likely accounting for differences in articular cartilage and subchondral bone geometry that were found between the injured and uninjured knees of the ACL injured subjects in the current study. No differences existed between both uninjured knees within control subjects (Supplemental Text and Supplemental Tables S2-S4 ). Consequently, analyses of risk were completed using data obtained from the uninjured leg of ACL-injured subjects and the corresponding leg, left or right, of matched control subjects.
To test our hypothesis that the geometries of the tibial plateau articular cartilage surface and meniscus are individually associated with the risk of non-contact ACL injury, univariate conditional logistic regression was used to test the associations between articular cartilage and meniscus geometry, and the risk of suffering a non-contact ACL injury. Pearson correlation coefficients were computed to examine linear correlations between variables. Multivariate conditional logistic regression was used to test whether the effects of the cartilage and meniscus variables that were associated with risk of injury were independent of each other and of the slope of the tibial plateau subchondral bone. Odds ratios (ORs) and 95% confidence intervals (CI) were used to quantify the associations with risk. Analyses were performed separately for females and males, and had 80% power to detect relative risks of 1.81 in females and 2.65 in males, per each standard deviation of increase or decrease in the variable being analyzed. Secondary analyses examined the position of the tibia relative to the femur during MRI data acquisition, body weight, and BMI as covariates to assess their influence on the relationship between the geometric measures and ACL injury risk.
RESULTS
Summary statistics for each measurement made on the uninjured side are presented in Table 1 Table S5 ). The medial compartment slope of the subchondral bone was not associated with risk for either sex (Supplemental Table S4 ). When the cartilage and meniscus measurements were adjusted for the slope of the subchondral bone, most of the associations with ACL injury risk that were observed in the univariate analyses remained significant and many were strengthened (Table 3 ).
There were statistically significant relationships between many of the cartilage and meniscus measurements made within the lateral and medial compartments. Although the magnitude of the correlation was generally moderate or small, there was substantial correlation (r > .50) between several of the lateral compartment measurements made in females. The meniscus-bone angle was correlated with the meniscus cartilage angle (r = 0.62) and both were correlated with meniscuscartilage height and cartilage-bone height (r's ranging from 0.51 to 0.52). In addition, the meniscus-cartilage angle was correlated with posterior cartilage slope (r = .82), which was also related to middle cartilage slope (r = 0.59). Medial compartment meniscus-bone angle and meniscus-cartilage angle were also substantially correlated in females (r = 0.82) and both were correlated with meniscus-cartilage height (r = .55 and r = .60, for meniscus-bone angle and meniscus-cartilage angle, respectively) but not with cartilage-bone height. Correlations between measurements were lower in males, but meniscus-cartilage angle and posterior-cartilage slope were substantially correlated in the lateral compartment (r = 0.71), while bone-meniscus angle and meniscus-cartilage angle were substantially correlated in the medial compartment (r = 0.82).
Multivariate analysis that included both the cartilage and meniscus measurements was performed to identify which factors were independently associated with ACL injury risk. In females, lateral compartment middle cartilage slope and meniscus-cartilage height were found to be independently associated (p = 0.003 and 0.044, respectively) with risk of ACL injury after adjustment for the subchondral bone slope ( Table 4) . As in the univariate analyses, the lateral compartment middle cartilage slope was directly associated with risk while the meniscuscartilage height was inversely associated with risk. A millimeter decrease in the height of the posterior meniscus and a degree increase in the posterior-inferior directed slope of the middle articular cartilage surface were associated with a 144% and 25% increase in risk, respectively. Additional analysis demonstrated that the effects of the lateral compartment middle cartilage slope and meniscus-cartilage height on the risk of ACL injury were not influenced by body weight, BMI, or the position of the tibia relative to the femur during acquisition of the MRI data. Multivariate analysis of the data obtained from the males found no combination of measures that were independently associated with the risk of suffering an ACL injury (Table 4) .
DISCUSSION
Previous reports and meta-analyses have concluded that an increased posterior-inferior directed slope of the subchondral bone portion of the tibial plateau is associated with an increased risk of ACL injury, [9, 10] primarily in the lateral compartment of the tibial plateau [7, 21, 22] and often for females but not in males. [6] [7] [8] The findings from the current study build on this prior work by revealing that measurements of the tibial plateau articular cartilage surface and menisci geometry also influence risk of injury. Both were stronger independent predictors of injury than the subchondral bone slope, and their relationships with ACL injury risk were different for males and females.
In univariate analyses of the data obtained from females, an increased posterior-directed slope of the middle-and posterior-articular cartilage regions, decreased meniscus-subchondral bone angle in the lateral compartment and decreased meniscus-articular cartilage height in both the lateral and medial compartments were associated with an increase in the risk of suffering an ACL injury. In univariate analyses of data obtained from the males, only the lateral compartment articular cartilage-subchondral bone height was found to have a significant association with risk of ACL injury.
Multivariate analysis of female data revealed that the lateral compartment middle articular cartilage slope and the meniscus-cartilage height were independently associated with risk of suffering an ACL injury after adjustment for subchondral bone slope. These measures of meniscus and articular cartilage were associated with risk of injury independent of tibial position relative to the femur during MRI acquisition. Multivariate analysis of the male data revealed that none of the measurements of articular cartilage or meniscus geometry were independently associated with risk.
In our prior work, [13] the sagittal-plane profile of the tibial articular cartilage surface was characterized by fitting polynomials equations, whose coefficients were related to the risk of suffering ACL injury. The polynomial equation that was fit to the lateral compartment articular cartilage surface described a posterior-inferior orientation in the ACL-injured group (characterized by a positive first-order linear term) and a posterior-superior orientation in the control group (characterized by a negative first-order linear term).
[13] The current study confirmed that the sagittal-plane orientation, or slope, of the lateral compartment articular cartilage surface was associated with the risk of suffering an ACL injury in females. During transmission of compressive loads from the distal femur to the tibial plateau, such as landing from a jump, a greater posterior-inferior oriented slope of the articular cartilage would provide less resistance to anterior translation of the tibia relative to the femur and result in greater ACL strain values. [4, 5] While this observation suggest a direct link between the biomechanics of contact stress transmission across the knee and risk of ACL injury, it remains unclear whether this mechanism influences risk of injury through a single loading event, through repetitive loading events over time that produce fatigue failure of the ACL, or some combination of both.
Hudek et al. [15] identified a relationship between meniscus geometry and ACL injury risk by defining a posterior directed slope of the line that passed through the peaks of the anterior and posterior meniscal horns. We focused on measurement of the posterior meniscal horn. The rationale for this was based on observations that the posterior meniscal horns transmit higher contact stresses throughout flexion, [21] and consequently would provide resistance to anterior translation of the tibia relative to the femur. Our findings suggest that the geometry of the posterior meniscal horn could have been the primary mechanism for the previously described association between the slope of the line that passed though the peaks of the anterior and posterior meniscal horns and risk of suffering an ACL injury. Future research should investigate the relationships between articular cartilage and meniscus geometry and the biomechanics of the ACL and knee.
Findings from this study add to the growing body of literature that suggests the factors associated with the risk of suffering a non-contact ACL injury are different between males and females. [6] [7] [8] 13] Statistical analysis that was performed with adjustment for subject body weight and BMI did not alter the risk associated with tibial plateau geometry in females, suggesting that the difference in results for males and females is not due to their differing size. Sex specific associations could instead reflect inherent differences in characteristics of tibial plateau articular cartilage and meniscus geometry between males and females. Previous studies have reported similar male-female differences in tibiofemoral geometry, [15, [22] [23] [24] [25] as well as knee laxity [26] and lower extremity alignment. [27, 28] A potential limitation of the study is that it was not possible to acquire MRI's of the involved knee prior to the injury, and thus determine the extent to which the injury modified the measurements of meniscus, cartilage, and bone geometry. Side-to-side differences were found in ACL-injured subjects but not the control subjects. Consequently, the contralateral healthy knee was used as a surrogate for the condition of the injured knee prior to injury. Our finding of no differences in measurements of meniscus, cartilage, and bone geometry between knees of the control subjects provides convincing evidence in support of the approach of using the corresponding measurements obtained from the contralateral healthy knee of the ACL injured subjects as an accurate measure of the ACL injured knee prior to injury. Another potential limitation is that MRI's were obtained with the knee unloaded. However, only very small deformations of cartilage from the non-weight bearing scenario of MRI acquisition would be expected when the injury occurs. This is supported by observations of minimal deformations in articular cartilage after repeated high impact loads (a 7% decrease in overall cartilage volume) [29] or after various exercises (a 7.2% decrease in lateral tibial cartilage volume after jumping exercises). [29] Further, the primary mechanisms in which the articular cartilage and menisci support the large magnitudes of compressive stress that are developed across the tibiofemoral joint at the time of ACL trauma are through pressurization of the interstitial fluid in cartilage and the development of drag force of interstitial fluid flow through the cartilage matrix.
The ACL injuries that we studied occurred over very short time intervals during which the pressure and drag forces were very high, and therefore, we expect there was very little fluid flow through cartilage and as a result, very little deformation of this structure. From these perspectives, the geometry of cartilage measured with the knee unloaded in the MRI scanner may be an accurate representation of the geometry of the knee at the time of injury. Strengths and limitations of the overall study have been previously discussed. [8, 13, 16] Studies of modifiable and non-modifiable risk factors for ACL injury are both important. Changing a modifiable risk factor has the immediate satisfaction of lowering the risk of injury. However, identifying all risk factors including those that are not modifiable can decrease injury rates as well. Non-modifiable risk factors can be used to identify those at greatest risk for injury and for the development of new approaches that can mitigate risk. [2, 30] For example, individuals that are identified as having a large number of non-modifiable risk factors (increased slope of the articular cartilage surface combined with decreased meniscus wedge angle, and a positive family history of ACL injury etc.) could decrease ACL injury risk by decreasing injury exposure (decreasing scrimmage/game time and changing off season workouts to emphasize skill development over game participation), by targeting individuals for monitored neuromuscular training programs, or the use of equipment that can help attenuate the impulsive loads transmitted across the knee and ACL. Consequently, understanding who is at highest risk for injury provides an opportunity to decrease injury exposure and target athletes who need extra monitored training. [2, [30] [31] [32] The study findings suggest that the geometries of the articular cartilage and meniscus are associated with the risk of sustaining an ACL injury in females. The influence of the overlying articular cartilage surface and meniscus geometries on risk is a stronger independent predictor and not simply a reflection of the underlying subchondral bone. Consequently, such measures should be considered in future studies that assess the role of knee joint geometry on its biomechanical behavior and subsequent influence on an individual's risk of sustaining an ACL injury.
